RESPIRATORY MIETABOLISM IN .\ MARINE
DINOFLAGELLATIS

PETER W. HOCHACHKA2 AND JOHN M. TEAL

Dept. of Zoology, Duke University, Duvham, N. C., and 1I"oods Hole
Oceanographic Institution, [7oods Iole, Mass.

The discovery by Sweeney and Ilastings (1938) that cell division can be
readily phased in Gonyaular has increased interest m marine dinoflagellates for
the analysis of metabolism in dividing cells.  Tlowever, with the exception of
some general data on photosynthesis in Gonvaular (1lastings ¢/ ol., 1961) and
Gynmnodininon (Moshkina, 1961) as well as on the excretion of  substances
(Wangersky and Guillard, 19060). very little 1s known about the energy metabolism
of dinoflagellates.  And perhaps as unfortunate, even less can be assumed, for it
has become apparent in recent vears that the way i which energy metabolism
is patterned in different algal groups can be quite diverse. We report here
some experiments on the respiratory metabolism of intact cells of Gyvmnodininn,
a common marie dinoflagellate.

MaTeERIALS AND METIHODS

Pure caltures of Gymnodinunn nelsont (clone GSBLL) were obtained {rom
Dr. Guillard of the Woods lole Oceanographic Institution.  These were cul-
tured in an enriched sea water medivm (see Guillard and Ryther, 1062}, Growth
was determined, by mounting 1-ml. samples of cells immobilized with potassium
idide in a Sedgewick-Rafter cell. Growth was under either continuous light
(400 foot candles) or in an 18-hour light- alternating with a G6-hour dark-period.
Tn the latter case. cell division was somewhat phased, up to five times as many
cells dividing per unit time within the dark-period than in the light-period.  Dur-
mg the light-period, less than 297 of the cells could be seen dividing at any one
time: during the 6-hour dark-period, 109 were dividing.  The mean generation
time Tor cultures at 21° C. was 3—4 days.  Cultures were used for respiratory
studies at densities between 7000 and 30,000 cells/ml., equivalent to about 150-
000 pg. dry weight /ml.

1 their studies of Dlue-green algace, Kratz and Myers (1933) Tound that
cells suspended in phosphate hufTer, bicarbonate buffer, or in the original growth
medinm all had equal respiratory rates.  Our cells hebaved  similarly and we
thereiore adopted the third and simplest technique.  Oxyeen uptake was assayed
with @ Teflon-covered oxyeen clectrode (KNanwisher, 1959), with the platinum
held —1.25 V. to the reference electrode, and 0.5 N KOIT electrolyte. The elee-
trode reaction itseli constmmes a molecule of O, for every 4e- of current flow.  For
Contribution No. 1371 from Woods Hole Occanographic Institution.
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DINOFLAGELLATE RESPIRATION

simall closed systems, this effect might produce a significant error: with large
respironieters, 1 can be ignored.

Samples of cells were drawn aseptically from growing cultures and  trans-
ferred into vials of 22-ml. size. .\ small stirring bar was placed into each
respirometer.  Fach vial was then stoppered with a rubber stopper into which was
fitted an Oy electrode and a 16-gange hypodermic needle (sce Tlochachka et al.,
1962). 1In operation, the vials were held in a 21° C. regulated water bath and
stirred magnetically.  Substances and inhibitors were added in volumes 1,100th
that of the respirometers through the hypodermic needle without interrupting
stirring of the cell suspension.  The snspension was centrifuged at the end of a
run, the cells were washed with H,0, then dried to constant weight for (g, calcu-
lations.

RESULTS

A typical Qg, (dry weight) for cells in exponential phase of growth under
continuous light was about 4.4 mm.® O./mg. hour. In cultures grown under
alternating light- and dark-periods, the respiratory rate fluctuated. Rate figures
for cells in the dark-period were as low as 1.5 mm.* O, 'mg./hour; three hours
before the onset of the dark period, the cells had a Qg, of about 2.5.

Most of the compounds tested, over concentration ranges of 10 to 10217,
produced no change or less than a 5% change i endogenous respiration.  These
included : glucose, fructose, galactose, glucose-1-phosphate,  glucose-6-phosphate,
fructose-1.6-diphosphate, ribose, glvoxylate, glveocoll, serine, «-alanine, methionine,
glutamine, cystine, oxidized glutathione, diphosphopyridine nucleotide (DPXN),
DPNH, Coenzyme A, EDTA, and diethyl dithiocarbamate (DEC).

Respiratory inhibition was obtained by the compounds listed in Table I. Vari-
ations from the averages given were usually less than 109-. The values are based
on final rates after treatment. The concentrations given are those found maxi-
mally effective. DPoisons of the glyeolytic enzymes did not depress respiration
as effectively as those of the Krebs cyele. Inhibition with malonate and fluoro-
acetate was rapid, a new respiratory rate being established within a few minutes
after the poisons were applied to the cell suspension. This rate, once es-
tablished, did not change with time. However, in cells grown in alternat-
ing light- and dark-periods, the effectiveness of these poisons varied. In
Table 11, malonate sensitivity is recorded as a function of the light-dark periods.
The values again are based on final rates after malonate addition compared
to control rates. Respiratory blockage was greatest at the heginning of the dark-
period and in the middle of the light-period. Two alternative explanations for
this finding are available: (1) changes in permeability or (2) changes related to
cell division (Stern, 1939 Sorokin and Myers, 1957) which, it will be recalled,
was phased, about 3 times as many cells dividing per unit time in the dark-period
than in the light. The last alternative is unlikely, since the generation time of the
culture was long enough (3.5 days) to vield at any one time populations with cells
at all stages of maturation.

The inhibition of respiration produced by the addition of oxaloacetate, citrate,
and «-ketoglutarate is not understood. Oxidation of dihydroxyacetone dimer,
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Tasrr |

he effect of various compounds wpon the Oy uptake of Gymnodiniunt,
recorded as per cent change frour the endogenous rate

Inmbitory compounds Concentration No. ol tests Per cent change
odoacetate 103 3/ 12 —10
I"Tuoride 2 X 103 )M 2 0
Arsenite 3 X 108 M 3 — 531
Madonate 103 M/ 7 — 65
(succinate restoration) 6 X 102 M 7 15
Iluoroacetate 1072 A/ 4 —87
Azide 10=3 M 2 —-32
Cvanide S ()=l 1L D —33
Oxaloacetate 1072 M O —75
Citrate 1073 1/ 4 —65
a-ketoglutarate @ A 3 —70
Stimulatory compounds

Dihydroxvacetone dimer 2 X110\ + 34
Acetate 103 1/ 9 3
Succinate 103 M ‘ 10 15
[Fumarate 1073 M | 4 5
Malate 1003 Wi 4 5
Malate plus acetate, each at 10 %0/ | S
B-alanine 2 X102\ 2 18
Glutamate 2 X102\ 2 21
Ascorbate 0 X 103/ 1 503
1.2 X103 M ! 600

1.8 X 103 1/ 1 900

Reduced glutathione (GSH) ¢ 6 X 10 4 5 504
Cysteine 0 X 10 41/ 2 67

glutamate, e-alanine, acetate, fumarate, and malate presumably occurred @ the
Krebs eyele,

The striking stimulatory effect of ascorbic acid, reduced glutathione (GSI),
and cvsterne on the respiration of @ marine alga has not heen reported previously.
Some typical examples of this effect are shown i Table T for eells growing under
continuous  light.

At physiological pll ascorbate does not normally autoxidize (Mapson, 1938).

Tavre 11

Changing sensitivity of respivation to 1073 M mualonate during the lght-dark cycle.
Data expressed as per cent decrease from endogenous rates of Oy uptake
measured at the saunie time

Time in light peri No. of tests 0 Decrease in Oy uptake
6 hours 3 15
9 3 37
2 & 60
15 3 15

Time in dark period

I 2 hours 3 0.1
34 S 31
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In control respirometers contamning only autoclaved sea water medinm, we found
no detectable autoxidation at low concentrations of ascorbate (107 to 10* 1/) :
at higher concentrations of ascorbate, a significauit autoxidation occurred (Table
IT). So that corrections for autoxidation would be unnecessary i experinients
with cell suspeusions, concentrations of 10% 1/ were unsed routinely. Over a
concentration range of 107 to 10 21/, cysteine and GSH did not antoxidize under
our conditions.

TasLe 111

The utilization of Os by autoxidation of ascorbate in an autoclaved sea water mediunt used
Jfor growing Gymnodinium, expressed as mg. Oy used per hour

Test system Os uptake
Sea water 0.01
Sea water 4+ 6 X 101 M ascorbate 0.01
Sea water + 3 X 1073 M ascorbate 0.04
Sea water + 5 X 102 M ascorbate 0.08

In other plants, a GSlH-ascorbate electron transfer scheme is fairly well char-
acterized (Mapson, 1938, for a recent review). Generally, arsenite and iodo-
acetate activate the oxidation of ascorbate to dehvdroascorbate.  DEC and cyvanide
mhibit ascorbic acid oxidase, but EDT A, GSH, and cysteine do not affect the
purified enzyme from higher plants.  Fhe ascorbic acid oxidase is atypical in the
slime molds in that eyanide and azide produce slight but definite activation (Ward,
1955).

With Gymnodinium, the compounds tested were found to atfect ascorbate,
GSHL and cysteine oxidations in a similar manner.  The data are in Table IV,

In each case, several concentrations were tested.  Only those at which active
compounds were maximally effective are recorded in Table 1V the ranges of
concentrations tested are indicated by compounds which did not seem to affect
ascorbate oxidation.  The effect produced hy the active compounds was rapid and
usually did not change over fairly short time periods.

As in higher plants, ascorbate oxidation in Gywnodiniun is activated by
arsenite but unaffected by iodoacetate.  Cyvanide enhanced ascorbate oxidation, as
in the slime mold, but azide was without effect.  Since the latter two compounds
mhibited endogenous respiration, presumably by blocking the cytochrome chain,
these findings rule out the possibility that ascorbate oxidation was catalyzed by
cvtochrome oxidase (Webster and Frenkel, 1953). The oxidation of ascorbate
was also atypieal in that it was unadfected by DEC, presumably because of lack
of penetration,

Althongh EDT.N did not affect respiration of control cell suspensions, it com-
pletely inhibited ascorbate oxidation.  Again, this is not typical of the oxidase in
other sources, and can be explained i two ways: either the oxidation may he
proceeding by copper cuatalysis (Mapson, 1958) and not by a specific ascorhic
actd oxidase: or secondly, since copper 1s known to be released during reaction
of ascorbic acid oxidase. EDTA-inhibition may arise by chelation of this copper
with concomitant inactivation of the enzyvme. The action of GSH and cvsteine
on ascorbate oxidation might he explained in a similar manner (Mapson, 1938).
By comparison, oxidized glutathione, cystine, and methionine did not atfect as-
corbate oxidation.
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Tare 1V

The effect  warious compounds on ascorbate, GSH, and cysteine oxidation in Gymmodinium,
ex/essed as per cent change.  Numbers in parentheses refer to number of ftests.
Cells grown in continuous light

Percentage ettect on oxidation of 10§ V/

Compound Concentration - — —
Ascorbate (:s11 Cysteine
Malonate 103 — 100 — 100 — 100
(3) (2) (2)
Fluoroacetate 1O — 100 — 100 — 100
‘ (3) (2) ‘ (2)
lodoacetate SX 10 o4 X 1075 M | 0
(5)
Arsenite 203 +170 0
3) (2
Azide SX 10 Yo 03N 0 0 0
(3) (2) (2)
Cyanide 10721/ + 10
(3)
DEC SX 107 o4 X 10733 1]
! (3)
EDTA SX 10t — 100
(5)
Cysteine 1070 A | -~ 67
(2)
Gl 10541 — 75 — 04
(2) (2)
Cystine 5 X107 to 10 2 M 0 0 0
(2) (2) (2)
GSSG SX 10 o102 0 0
(2) (2)
Methionine SX 107010 2. 0 0 1]
‘ (2) (1 )

The mhibition of the GSH-ascorbate path hy malonate and fluoroacetate was
also very pronounced, suggesting a_coupling of such a chain to the Krebs cvele.
This suggestion s in accord with Young and Conn (1936), who found that GS11
oxidation occurred in mitochondria in the presence of catalvtic amounts of as-
corbic acid: reduction of oxidized glatathione was coupled to the oxidation of
Krebs evele intermediates. Though in Gymnodinin ascorbate oxidation seemed
to be concentration-dependent ("Table 1), this likely was not due to a greater
utilization ol ascorbate per se. By calenlation it can he shown that complete oxi-
dation of 5 > 10 * 17 ascorbate would deplete all available oxyvgen in our respirom-
cters.  \s Figure T shows, this did not occur.  Perhaps the concentration de-
pendence of ascorbate oxidation is somchow related to a reaction-inactivation
which we observed. A tvpical recording (IFig. 1) shows the pattern of decay
i1 the ascorbate-stimulated respiration. This effect, which is also found in higher
plants, may be due to lowered O. tensions, or to 11,00, which is thought to pro-
duce the reaction inactivation in higher plants (Tokuyama and Dawson, 1902).

A shortage of time prevented any but brief analysis of GST1 and cysteine oxi-
dation.  On the basis of the data in Table 1V and the fairly well characterized
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systemn in higher plants, 1t 1s assumed that GSTT oxidation is tied np with ascorbate
metabolisi. This, lowever, is in need of much further study.  Perhaps it is
worth mentioning that the reaction, cysteine + oxidized glutathione = GSH +
cystine, can proceed spontancously ; hence, cysteine oxidation might simply repre-
sent GSH oxidation.  Alternative explanations are available.
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Ficure 1. A typical recording of decreasing effect of ascorbate addition with time and
oxygen concentration on metabolism of intact cells of Gymnodinium nelsoni. The experiment
was done in triplicate. Rate of oxygen uptake is proportional to the slope of the lines.

Trom these pilot experiments, it is difficult to determine the contribution of a
GSTH-ascorbate system to the endogenous respiration of the organism.  The large
residual respiration remaining after azide and cyamde treatments of normal cells
presumably occurs zia an electron transport chain other than the cytochromes.
Evidence of such a situation exists for other algae: .lInabaena. for example, 1s
insensitive to CO and sensitive to cyanide and azide only at high concentrations
(Webster and Frenkel, 1933) : cvtochrome oxidase apparently is absent in some
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stradns of /e clla (Kolesnikov and  Linor, 1961, However, if @ portion of
endogenous respiration in Gywmnedimion depended upon a GSHeascorbate clec-
tron transfer chain, one would expect an inhibitor to lower the endogenous rate
and aectivating compounds to raise it s Table 1V shows, EDTA is an effective
inhibitor while arsenite is an effective stimulator of ascorbate oxidation in these
cells. But, as previously mentioned, IXDTA has no effect on endogenous respira-
tion and arsenite actually inhibits it. Therefore, there can be little if any par-
ticipation of a GSI-ascorbate system in endogenous respiration of these algae.
In higher plants, too, the {ull potential effect of ascorbic acid oxidase is not
realized i wivo.  In pea stem internodes, for instance, the enzyme is capable of
consuming O at a rate 40 times as great as the total respiraton of the tissue
(sce Mapson, 1938).  In algae. then. the physiological role of this system re-
mains unclear.

ST MAMARY

1. The effects of various inhibitors and substrates on the respiration of sus-
pensions of  Gyvmnodintmn were tested.  lodoacetate, arsenite, malonate, Huoro-
acetate, azide and cyvanide all inhibited the endogenous rate to some  extent.
Malonate and fluoroacetate were most potent. Cells grown in cveles of alternating
light and dark were most sensitive to malonate during the middle of the light-
period and at the beginning of the dark-period.  Most of the glyeolytic inter-
mediates used did not atfect the endogenous respiratory rate.  Krebs eyele inter-
mediates either increased the respiratory rate  (suecinate, malate, fumarate) or
markedlv decreased 1t (oxaloacetate, citrate, o-ketoglutarate).  With the excep-
tion of an increased Oy consumption i the presence of ¢lutamate, alanine, and
cysteine, the O, uptake of Gywnodinimun was unatfected by the amino acids tested.

2. Aszcorbate and reduced glutathione increased O, uptake profoundly.  This
uptake was further stimulated by cvanide and arsenite: 1t was msensitive to
diethyldithiocarbaumate and azide; it was completely blocked by cysteine, 1KDTA,
malonate and fluoroacetate.
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